Live-cell measurement of protein binding to chromatin allows probing cellular biochemistry in physiological conditions, which are difficult to mimic in vitro. However, different studies have yielded widely discrepant predictions, and so it remains uncertain how to make the measurements accurately. To establish a benchmark we measured binding of the transcription factor p53 to chromatin by three approaches: fluorescence recovery after photobleaching (FRAP), fluorescence correlation spectroscopy (FCS) and single-molecule tracking (SMT). Using new procedures to analyze the SMT data and to guide the FRAP and FCS analysis, we show how all three approaches yield similar estimates for both the fraction of p53 molecules bound to chromatin (only about 20%) and the residence time of these bound molecules ($1.8 s). We also apply these procedures to mutants in p53 chromatin binding. Our results support the model that p53 locates specific sites by first binding at sequence-independent sites.
INTRODUCTION
Binding to chromatin can be measured in living cells by detecting the retardation of a fluorescently tagged protein as it interacts with this relatively immobile scaffold (1) (2) (3) (4) . In fluorescence recovery after photobleaching (FRAP), the retardation is measured by performing a photobleach and then determining the rate of fluorescence entry into the bleached region (5, 6) . In fluorescence correlation spectroscopy (FCS), the retardation is measured by recording the fluctuations in fluorescence intensity in a small diffraction-limited spot, which reflect the random movement of molecules into and out of the spot (7) (8) (9) . In single-molecule tracking (SMT), the retardation is measured by tracking individual molecules and directly identifying bound molecules as those that stop moving (2, 10, 11) .
Different live-cell binding studies using these techniques have yielded widely divergent estimates with no consensus. For example, estimates of the chromatin-bound fraction of transcription factors have ranged from 20 to 99%, leading to disparate predictions about regulatory-site occupancy (2, 6, 12, 13) . These discrepancies are not limited to bound fractions, as estimates for transcription-factor residence times on chromatin have ranged from 0.005 to 4.5 s (2, 6, 11, 12) . Similar problems arise in the analysis of polymerase binding in live cells where estimates of elongation rates vary from 0.5 to 100 kb/min (14) (15) (16) (17) (18) , and completely opposite conclusions have been reached about whether polymerase assembly is efficient (16) or inefficient (15) . Several studies have suggested that many of these discrepancies could reflect technical errors (19, 6) , since each of the approaches used to measure live cell binding has limitations. Resolving these discrepancies is critical because in vivo measurements are essential for determining how cellular reactions proceed in the complex milieu of the live cell.
A fundamental limitation of FRAP and FCS is that they only indirectly measure the retardation due to binding by recording changes in fluorescence intensity. Binding estimates are extracted by fitting the intensity data with kinetic models (1) that make different assumptions about the protein's diffusion and binding behavior. For example, the kinetic models applied to transcription factors have posited either: (i) two binding states reflecting sequence-specific and sequence-independent binding (13) ; (ii) one binding state reflecting either sequencespecific (20) or sequence-independent binding (6, 12, 21) ; or (iii) two diffusing states reflecting two different molecular complexes of the transcription factor (7, 9, 22) .
Compounding this complexity, different FRAP and FCS kinetic models have also made different assumptions about the protein's diffusion, assuming that it is fast enough to be ignored (13) , or slow enough to be incorporated into the kinetic model (6, 12) .
For SMT, binding estimates are in principle more direct since bound molecules can be visualized (2) . However, accurately identifying which segments of a trajectory reflect binding is complicated by the fact that even a completely stationary molecule will appear to move due to the precision limit of localization and a freely diffusing molecule will appear to be bound transiently if it undergoes a few small displacements.
Therefore, different strategies have been developed to discriminate between bound and free molecules in SMT (2, 10, 11) . For example, bound molecules have been identified by setting two thresholds, an upper bound r max for the maximum displacement of the molecule combined with a lower bound N min for the minimum number of time points comprising a valid bound-molecule track (10, 23) . Once a classification is made, bound fractions are easily calculated based on the fraction of displacements that satisfy this classification, and residence times are estimated based on the duration of the selected displacements. However, identifying the best criteria to accurately identify bound molecules remains a key question in single molecule tracking.
In sum, while the techniques of FRAP, FCS and SMT are now well established, the analysis procedures applied to these data are not. As a result, a consensus on how to accurately measure live cell binding parameters is lacking, and this is a serious impediment to progress in understanding how binding reactions proceed within live cells.
Here we introduce two improved methods to quantify binding to intracellular scaffolds by SMT, and we also demonstrate how to achieve consensus with binding estimates obtained by FRAP and FCS. The first improvement in SMT is based on the objective selection of SMT tracks corresponding to bound molecules and the second improvement in SMT is based on kinetic modeling of the complete distribution of SMT displacements. After showing substantial agreement between these two SMT approaches for estimating live-cell binding for the tumor suppressor p53, we then show how the SMT data can also be used to select the most accurate kinetic model for FRAP and FCS. We demonstrate that upon application of our methods, FRAP, FCS and SMT yield very similar binding estimates, thereby establishing a consensus for live-cell binding measurements. Finally, to exemplify the relevance of such measurements, we discuss the binding analysis of p53 mutants by SMT, showing that p53 appears to locate target-sites by initial binding at sequence-independent sites followed by subsequent binding to specific target sites.
MATERIALS AND METHODS

Plasmid construction
The coding region of the wild-type p53, of the point-mutant p53-R273H, of the truncated p53-d30 (amino acids 1-363 of human p53) and of the double mutant p53-R273H/d30 were obtained by polymerase chain reaction (PCR) of either a p53-wt-GFP or a p53-R273H-GFP template, using the following primers: p53-F and p53-d30-F: 5 0 -GAC CGC GAT CGC CAT GGA GGA GCC GCA  GTC AGA TCC TA-3  0 ; p53-B: 5  0 -GTC GGT TTA AAC  GTC TGA GTC AGG CCC TTC TGT CTT-3  0 ;  p53-d30-B: 5  0 -TGC GGT TTA AAC CCT GCT CCC  CCC TGG CTC CTT CCC A-3 0 and cloned into the C terminal HaloTag Flexi vector pFC15A (Promega Corp., Madison, WI, USA) by digesting the PCR product with SgfI and PmeI and the vector with SgfI and EcoICRI, and by subsequent ligation of the restriction products.
The coding region for histone H2B was obtained by PCR of an H2B-GFP template, using the following primers H2B-F: 5 0 -CTT GGC GAT CGC CAT GCC AGA GCC AGC GAA GTC-3 0 ; H2B-B: 5 0 -ACG CGT TTA AAC CTT AGC GCT GGT GTA CTT GGT G-3 0 and cloned into the C terminal HaloTag Flexi vector pFC14A (Promega Corp.) by digesting the PCR product and the vector with the same enzymes used for the p53 clones.
All the resulting constructs were checked by DNA sequencing.
Cell culture, transfection and fluorescent labeling
Lung carcinoma H1299 cells, which are p53 null, were grown at 37 C and 5% CO 2 in RPMI-1640 medium (Gibco BRL, Gaithersburg, MD, USA) supplemented with 10% fetal bovine serum, 1% glutamine and 0.5% penicillin-streptomycin. Prior to experiments, cells were transferred to LabTek chambers (Thermo-Fisher Scientific, Roechester, NY, USA) in Phenol-red-free complete D-MEM (Invitrogen, Carlsbad, CA, USA) and transiently transfected using Lipofectamine LTX (Invitrogen) according to the manufacturer's instructions. 12 hours after transfection, the cell permeable fluorescent ligand HaloTag-TMR (Promega Corp.) was added to the wells at concentrations of 5 nM for SMT, 50 nM for FCS and 500 nM for FRAP. After an incubation period of 30 min and extensive washing (3 times for 20 min) with Phenol-red-free complete D-MEM (Invitrogen) to remove the unliganded fluorescent molecules, the cells were then mounted on the microscope.
SMT microscopy
The widefield microscope for the collection of the single molecule tracking data was custom-built based on a previously described design (24) . Exemplary acquisitions for p53-wt and for the H2B constructs are provided in Supplementary Movie 1 and 2, respectively. The collected movies were analyzed by custom-written Matlab (Mathworks, Natick, MA, USA) routines to identify and track individual molecules. The analysis routines are publicly available at: http://code.google.com/p/singlemolecule-tracking. Details of the imaging setup and of the SMT data analysis are provided in the Supplementary Methods and in Supplementary Figures S1 and S2.
Calculation of displacements, MSD, and displacement histogram
The single molecule trajectories were analyzed by measuring the distances jumped, r, at different time-lags (t = mDt with m an integer, and Át the time between consecutive images). The resultant displacements for different tracks were then used to either calculate an ensembleaveraged mean-squared displacement (MSD) curve (25) or to populate a time-dependent histogram of displacements (26) , or in other words the distribution of jumps obtained at different time lags t = mDt.
For the histogram of displacements, the size of the bins, Ár, was chosen to be 20 nm, slightly smaller than the accuracy in single-molecule localization, 27 nm (see section 'Results'). We normalized this histogram to the total number of jumps measured at the shortest time-lag, t 1 = Át. The normalized histogram, p(r,t)Ár which was corrected for photobleaching as described below, represents the probability of observing a displacement between r À Ár/2 and r+Ár/2 in a time t.
For p53-wt, the MSD plot was separately calculated for the track segments identifying bound or free molecules. The MSD plot for free p53-wt molecules was fit either with a simple diffusion model, MSD = 4Dt, where D represents the diffusion coefficient, or with a hindered (anomalous) diffusion model, MSD = 4Àt
, where a is the anomaly parameter and À is a proportionality constant (27) .
Identification of bound and free molecules using objective thresholds in SMT To provide a direct estimate for the average residence time of p53 without relying on kinetic modeling, we used H2B data to define an upper threshold for the displacements between two consecutive frames, r max = 220 nm, to identify the molecules that were bound to chromatin. 99% of the H2B displacements were below this threshold.
For each p53 track we identified the jumps satisfying r < r max and we counted the number of consecutive frames that met this criterion, to obtain the duration t i of each binding event. We then computed the cumulative histogram S(t), drawn from the occurrences of t i > t. The normalization of S(t) to S(0) = 1 yields the probability of having a molecule still bound after a time t, called the survival probability. At short times the survival probability S(t) is contaminated by slowly diffusing free molecules jumping short distances. We therefore analyzed the survival probability only for particles jumping less than r max for more than a certain number N min of consecutive frames. We chose a sufficiently large value of N min such that slowly diffusing free molecules minimally contaminate the selected trajectories, N min = 16 frames (see section 'Results'). We can calculate the probability that a free molecule with diffusion coefficient D f will be erroneously counted as bound as:
For the selected thresholds, P(r max ,N min ) < 0.01 for D f > 0.2 mm 2 /s. To further decrease the contamination from freely diffusing molecules we neglected all the tracks jumping more than the maximum displacement observed for H2B over N min frames. The resultant survival probability was corrected for photobleaching as described below, sampled logarithmically to avoid overweighting of the counts-poor distribution tail and fitted to an exponential decay to estimate the average residence time of bound p53-wt molecules.
Fitting of SMT displacement histograms with kinetic models for diffusion and binding
We developed kinetic models accounting for diffusion and binding that could be fit to the displacement histograms generated by SMT (Supplementary Note). The models assumed that the chromatin bound state diffused either at an unknown rate or at the rate measured for H2B (D = 0.0019 mm 2 /sec), and that molecules could exchange between this slowly diffusing state and either one or two freely diffusing states with an unknown diffusion constant(s). The exchange rates between the slowly diffusing state corresponding to bound molecules and the freely diffusing state(s) corresponding to free molecules were given by two additional unknown parameters, the association and dissociation rates of binding. The models were implemented in Matlab (Mathworks, Natick, MA, USA) and fit to the p53 data via non-linear least squares minimization, performed with custom-written routines based on the lsqnonlin function. The models provided estimates of the free diffusion constant(s) and the association and dissociation rates of binding, whose inverse are respectively the average search time for a binding site s and the average residence time on chromatin b . The fraction of bound molecules C eq is then calculated as C eq = b / ( b + s ). The error bars on the estimated parameters correspond to the 95% confidence intervals. The kinetic models for the SMT displacements histograms were validated by Monte Carlo simulations (see Supplementary Note).
Photobleaching correction for displacement distribution and residence time histograms
Photobleaching of the fluorescently labeled single molecules affects the histogram of displacements p(r,t)Ár and the survival probability of bound molecules S(t), in both cases resulting in a decrease of the number of counts over time.
The photobleaching decay can be directly estimated from the single molecule movies, by plotting the number of detected particles (accumulated in the different cells) as a function of time. The decay was fit to a bi-exponential decay:
to obtain the photobleaching rates k b,1 and k b,2 together with the corresponding fractions f b,1 and 1 À f b,1 . The distribution of displacement and the survival probability were then normalized for photobleaching by dividing p(r,t)Ár and S(t) by B(t). To test the validity of the photobleaching correction we collected SMT data at two different photobleaching rates. The photobleaching rate was tuned by varying the time between exposures (when the laser is not delivered to the sample), resulting in frame rates of 25 Hz to 10 Hz. After photobleaching correction S(t) was found to be independent of the acquisition rate (Supplementary Figure S3b) , resulting in very similar estimates for the p53-wt residence time, thus validating our photobleaching correction. Similarly, the estimated binding parameters from the photobleaching-corrected histograms of displacements for p53-wt did not depend on the acquisition (and photobleaching) rate (Supplementary Table S1 ).
FRAP and FCS
FRAP and FCS were performed as described in (6) and (28), respectively. See Supplementary Methods for details.
RESULTS
Different analyses of FRAP, FCS and SMT data generate widely discrepant estimates for p53 binding in live cells
To establish a benchmark for live-cell binding we have applied FRAP, FCS and SMT to the same transcription factor p53 ( Figure 1a ) analyzed in the same p53-null human cell line (H1299) in the absence of DNA damage. We transfected H1299 cells with p53 fused to a HaloTag receptor (29) . The fused receptor is comparable in size to GFP but binds to a fluorescent tetramethyl-rhodamine (TMR) ligand that is membrane permeable. This has several advantages for the comparative analysis performed here. The same transfected protein concentration can be used for FRAP, FCS and SMT, but optimal levels of fluorescence for each technique (high for FRAP, medium for FCS and low for SMT) can be achieved by simply altering the concentration of the TMR ligand. The chosen ligand concentrations resulted in different fractions of labeled p53 molecules, namely $80% for FRAP, $25% for FCS and $5% for SMT (Supplementary Results). Furthermore, we found that TMR was at least 15 times more photostable than GFP (Supplementary Figure S1c) . This has significant advantages for performing SMT where bleaching of the genetically encoded fluorescent proteins like GFP is a serious limitation to obtaining tracks of sufficient length for quantitative analysis (30) .
Using the Halo-tag fusion of p53 we collected live-cell binding data for FRAP, FCS and SMT. To analyze these data, we applied three widely used kinetic models for FRAP and FCS and three different criteria for selecting thresholds to identify bound molecules in SMT. We obtained p53 residence time estimates that ranged from 0.02 to 6 s and bound fraction estimates that ranged from 20 to 100% (Figure 1b-d) . This divergent range of estimates recapitulates the widely discrepant predictions that have been obtained for an assortment of proteins using these different live-cell binding procedures.
SMT estimates of p53 binding can be reconciled by objective selection of bound molecules
To reconcile the different predictions from the analyses of FRAP, FCS and SMT data, we began with SMT since it is the most direct measurement, and developed two independent procedures to estimate residence times and bound fractions by SMT.
First, we re-examined previous thresholding approaches in SMT (10, 23) which have been used to identify bound molecules based on the minimum number of timepoints N min for which a molecule remains within a maximal displacement r max . Studies of chromatin binding by SMT have chosen r max based on the presumption that bound molecules were immobile. To test this, we performed SMT on histone H2B which is known to be tightly bound to chromatin (31) and measured a maximal displacement of r max = 220 nm ( Figure 2a ). This displacement is much larger than our precision limit of localization in SMT, 27 nm, as determined by the MSD plot in fixed cells (Figure 2c ), and instead is consistent with the fact that chromatin diffuses slowly (32). Thus we used this empirically determined value of r max from H2B to set the maximum displacement for declaring a p53 trajectory segment as bound.
To determine a value for N min , the minimum number of time points for a bound trajectory in SMT, we set r max = 220 nm for the p53 SMT data and then varied N min (Figure 2b ). The estimated residence time for p53 plateaued at N min = 16 time-points, which presumably reflects a sufficiently large enough value of N min , such that slowly diffusing free molecules no longer contaminate the selected trajectories. We selected this value of N min as the minimum number of time points for declaring a p53 trajectory segment as bound and using these thresholds we estimated that 19% of the p53 molecules are bound at any time with an average chromatin residence time of 1.7 s ( Table 1) .
As a self-consistency check of these empirically determined objective thresholds (r max = 220 nm and N min = 16 time-points), we performed an analysis of the MSD of the putatively bound p53 molecules compared with all H2B molecules. These two MSD plots overlapped at long times (>0.2 s), but the MSD plot for p53 was higher than that for H2B at shorter times (Figure 2c ). This indicates that the chromatin bound by p53 diffuses somewhat faster than the more generic chromatin bound by H2B. Such a difference could arise for a variety of reasons, e.g. p53-bound chromatin may contain less nucleosomes and so diffuse faster than generic chromatin (33) . Regardless of its cause, this difference indicates that the objective thresholds that we should use to define p53-bound molecules should be somewhat different than the objective thresholds that we determined empirically from H2B bound chromatin. To evaluate the potential impact of this on our p53 binding estimates, we varied the values of the objective thresholds (r max and N min ) applied to our p53 SMT data. We found that there was less than a 30% difference in the p53 binding estimates, as long as N min and r max were chosen large enough to exclude contamination from free molecules (Supplementary Figure S3a) .
Thus, this suggests that only relatively small errors will be introduced by assuming that p53-bound chromatin behaves identically to H2B-bound chromatin.
Kinetic modeling of SMT yields independent estimates of p53 binding consistent with objective thresholding
To increase our confidence in the binding parameters estimated by objective thresholding, we developed a kinetic modeling procedure as a second, independent approach to estimate residence times and bound fractions from the p53 SMT data. Our kinetic model incorporated both diffusion and binding (See Supplementary Note), and so provided a description of all p53 trajectories. Importantly, the model did not require threshold selection to distinguish bound from free molecules, but rather included the diffusion of the p53-bound molecules D b which was either fixed to the value obtained for H2B or kept as a free parameter to be determined from the data. A second free parameter in the model was the diffusion rate of free p53 molecules. Finally, the model also contained two other free parameters, the association and dissociation rates of binding that specified the exchange between the bound and free states. This kinetic model was applied to fit the complete set of p53 displacements obtained from all trajectories (Figure 2d ) and this yielded an estimated bound fraction and residence time that were similar to those estimated using the thresholding procedure (Table 1 ) both when D b was fixed to the value obtained from the H2B data or when D b was kept as a free parameter. In the latter case, the estimated diffusion constant for bound p53 molecules was faster than that measured for H2B (0.0027 mm 2 /s versus 0.0019 mm 2 /s), consistent with our comparison of the MSD plots for bound p53 versus H2B molecules (Figure 2c) . Thus, the kinetic model and the objective thresholding procedure yield very similar conclusions.
While the preceding kinetic model yielded a good fit to the smaller p53 displacements (which reflect bound molecules), the fit was poor for the larger displacements Figure S4) . The histogram at t = 0.04 s shows a peak at a displacement of $50 nm, with 99% of the displacements shorter than 220 nm. The histogram was well described by a diffusion model, resulting in an estimate for the diffusion of the chromatin-bound H2B molecules equal to 0.0019 mm 2 /s. (b) We chose the maximum H2B displacement observed between consecutive frames r max as a threshold to define chromatin bound molecules. However, as some free p53 molecules can diffuse slowly enough to mimic binding, we discarded p53 track segments with displacements less than r max for shorter than a minimum number of frames N min . The estimated p53 residence time increases for higher values of N min , until a plateau is reached at N min $16 frames, corresponding to a situation where the probability for a free molecule (with a diffusion coefficient D > 0.2 mm 2 /s) to be counted as bound is less than 1%. (c) We therefore used N min = 16 frames and r max = 220 nm to select bound p53 molecules. We compared the MSD plot for the putative bound p53 molecules (red circles) and to the MSD plot obtained for all the histone H2B molecules (black circles). Although the plots show considerable overlap, at early times the bound p53 molecules diffuse faster, suggesting that there are some differences between chromatin bound by p53 versus H2B. Control experiments on fixed samples (blue triangles) yielded a flat MSD curve, which we used to estimate the localization accuracy of the system as (51): MSD = 4 2 , resulting in = 27 nm. (d) Like H2B, the time-dependent histogram of displacements for p53 also shows a peak at $50 nm, which likely reflects chromatin-bound molecules. However, the p53 histogram exhibits a much longer tail than the H2B histogram. The full 2D histogram for p53 was fit with two different kinetic models, but for clarity the fit at only one time lag of the full 2D histogram is shown, t = 0.04 s (16 221 jumps). (Fitting results at other time lags are shown in Supplementary Figure S5) . The estimated binding parameters from the fits are provided in Table 1. (which reflect free molecules). To investigate whether improving this fit to the larger displacements would influence the binding estimates, we added a second freely diffusing state to the kinetic model. This added two more free parameters to the model, namely the diffusion constant of this second freely diffusing state and the fraction of molecules in this state. As expected with the addition of more free parameters, the new kinetic model yielded a better fit to the p53 displacement histogram. However, the estimates for the p53 bound fractions and residence times were not significantly changed. This provides further confidence that our binding estimates from SMT are reasonably accurate.
It is important to point out that the good fit of the SMT data obtained by presuming two freely diffusing components does not prove that two such states actually exist. Instead, it is likely that these two states provide a simple way to fit the more complex anomalous diffusive processes that are known to occur within nuclei (32) . Consistent with this possibility, we found that the MSD plot for the unbound p53 could be fit with an anomaly exponent a = 0.82 (Figure 3b ) that matched the anomalous diffusion found for inert tracers, such as quantum dots, inside the nucleus (27) . One simple explanation for this anomalous diffusion in the nucleus is that it arises from hindered diffusion due to chromatin obstacles (27, 34) .
Although much more analysis will be necessary to determine if chromatin obstacles can adequately explain the complex diffusion of p53, our data suggest that the details of this diffusion are not important for estimating the binding properties of p53. This is because we obtained very similar binding estimates regardless of whether we treated p53 diffusion by objective thresholding, a onecomponent diffusion model or a two-component diffusion model. This robustness of SMT to the diffusion model presumably reflects the fact that the displacements of bound molecules in SMT are in general well separated from those of free molecules, and consequently the estimates of binding parameters are not overly sensitive to the details of the procedure used to characterize diffusion of the free molecules.
As a final validation of our method, we showed that the estimated residence times and bound fractions were not dependent on either the data acquisition rate, which was varied from 10 to 50 Hz (Supplementary Table S1 ) or on the photobleaching rate (Supplementary Figure S3b) . In sum, using both kinetic modeling and objective thresholding, we have obtained independent, but consistent estimates of bound fractions and residence times by SMT.
SMT data can be used to identify the correct kinetic model for FRAP and FCS
We then asked how these consensus SMT estimates compared to the FRAP and FCS estimates. These varied widely depending on the kinetic model applied (Figure 1b-d) , so we used the SMT data to help select the most appropriate kinetic model for p53. For binding, the FRAP and FCS kinetic models assumed either zero, one or two binding states. However, we found that the distribution of p53 residence times obtained by thresholding the SMT data to select bound molecules was well fit by a single exponential (Figure 3a) . This suggests that a single-binding state should be sufficient for the FRAP and FCS kinetic models, a result consistent with our observation that a single-binding state kinetic model was sufficient to explain the small displacements in the p53 displacement histogram obtained by SMT. Thus the SMT data, whether analyzed by objective thresholding or by kinetic modeling, point to a one-binding-state model for p53 as the appropriate one for FRAP or FCS analysis.
To investigate the role of diffusion in the p53 kinetic models, we examined all of the p53 molecules analyzed by SMT that did not satisfy the thresholds for bound molecules, and so by definition were free. Using these data, we generated an MSD plot for free p53 molecules, and used it to calculate how long a typical free p53 molecule would take to diffuse across our FRAP or FCS measurement spots (Figure 3b and Supplementary Methods).
For our FRAP spot size (2 mm in diameter) the time required for a free molecule to equilibrate was D,FRAP = 0.28 s. This time to diffuse across the FRAP bleach spot is only 20x faster than the time to bind a site, which can be calculated (see Supplementary Methods) from the residence times and bound fractions obtained by the SMT analysis. A 20x difference is not fast enough to ignore diffusion in the kinetic model (as incorrectly assumed by the two-binding state model of Figure 1b) , since theory indicates (35) that the difference We quantified the binding behavior of p53-wt by analyzing SMT data obtained at a frame rate of 25 Hz with two different methods: objective thresholding to select the bound molecules and kinetic modeling of the histogram of displacements. Independently of the model chosen to describe the behavior of the free population (one or two components) and of the choice of fixing the diffusion coefficient of the bound population, the estimated residence time and bound fractions are compatible with the results obtained by objective thresholding. t b is the estimated residence time. C eq is the estimated bound fraction (errors: 95% confidence intervals).
should be at least 100x. We conclude that the FRAP kinetic model should incorporate diffusion. For our FCS spot size (0.3 mm), the time required for a free molecule to equilibrate was D,FCS = 0.07 s, which is 100 x faster than the time to bind a site. This indicates that free molecules equilibrate significantly faster than bound molecules in FCS due to the much smaller spot size compared to FRAP. However, in our FCS experiments, the time interval between measurements is 0.002 s, which is sufficiently fast to detect the rapid equilibration of the free molecules. We conclude that the FCS kinetic model should also incorporate diffusion.
The selected kinetic model for FRAP and FCS provides consistent estimates for the three different techniques, with minor differences in the estimated residence time, probably due to hindered diffusion As described above, the SMT data suggest that the kinetic model for both FRAP and FCS should incorporate diffusion and one binding state. This corresponds to kinetic model 2 in Figure 1b and c. This model yielded FRAP and FCS estimates for the p53 bound fraction that were within error of our consensus SMT estimates, and residence times that were a factor of two larger for FCS and a factor of four larger for FRAP (Figure 3c ).
The discrepancy in residence time estimates was correlated with the precision limit of the techniques, with the smallest estimate (1. Figure S6a) and found that the residence time progressively decreased down to 3.4 s at the smallest bleach spot size of 0.5 mm (Figure 3c ).
These changes in the FRAP estimate with progressively smaller bleach spots could reflect the fact that the FRAP model presumes that free p53 molecules undergo simple diffusion with a single diffusing state, whereas our analysis by SMT suggests that p53 diffusion may instead be anomalous with an MSD plot consistent with hindered diffusion caused by chromatin obstacles. Similar changes in FRAP estimates with different bleach spot sizes have been used to argue for the existence of microdomains These times indicate that diffusion should be included in the FRAP and FCS kinetic models (see section 'Results'). (c) The FRAP and FCS predictions using a kinetic model with one bound state and one diffusing state match the SMT estimates for bound fractions and differ by a factor of four and two, respectively from the SMT estimates for residence times. The differences in residence-time estimates correlate with the spatial resolution of the technique, as confirmed by performing FRAP with a smaller bleach-spot size (error bars: 95% confidence intervals for SMT, SEM., n = 27 for FRAP with 2 mm bleach spot, SEM., n = 24 for FRAP with 0.5 mm bleach spot, SEM., n = 15 for FCS).
that produce hindered diffusion in plasma membranes (36) . To test if hindered diffusion could influence our binding estimates we performed Monte Carlo simulations and found that FRAP models that ignore hindered diffusion introduce artifactual bound states for large but not small bleach spots (see Supplementary Methods and Supplementary Figure S6b-d) . Thus these data together suggest that by ignoring hindered diffusion FRAP models may compensate for this error by increasing the estimated residence times. In sum, we used direct analysis of single molecule trajectories to infer that kinetic models for FRAP and FCS should include one binding state and diffusion. This yielded bound fractions of $20% for FRAP, FCS and SMT, and residence time estimates that differed by at most a factor of two when using a small bleach spot size in FRAP. Monte Carlo simulations suggested that the remaining difference in residence time estimates may be due to ignoring hindered diffusion in the FRAP and FCS kinetic models.
The measured p53 bound fraction includes contributions from sequence-specific and sequence-independent binding Different live-cell binding studies have interpreted the bound fraction of transcription factors as reflecting either sequence-specific binding, sequence-independent binding or some combination of the two. To investigate this question for p53, we performed single molecule tracking of p53 mutants which are thought to affect either specific or sequence-independent binding via the p53 core domain or C-terminal domain respectively, and compared them to wild-type p53 (Figure 4a ). We first analyzed the effect of a point mutation (p53-R273H) in the DNA binding core domain of p53 that strongly suppresses DNA binding to specific-site sequences, as indicated by chromatin immunoprecipitation (37) . From the analysis of the single-molecule histogram of displacements (Figure 4b ) for this specific-site-binding mutant we estimated a bound fraction of 11% (Table 2) , corresponding to a loss of about 40% of the bound fraction measured (18%) for the wild-type p53 at the same frame rate (50 Hz). Further, the R273H mutant displayed a 2-fold reduction in the residence time ( Table 2 ), suggesting that the longer residence times measured may correspond to sequence-specific binding interactions with DNA.
We then analyzed the behavior of a p53 mutant (p53-d30) lacking the last 30 amino-acids of the p53 C-terminal domain (Figure 4c ). This mutant has been shown in vitro to strongly compromise the sequenceindependent interactions of p53 and its sliding on DNA (38) . This sequence-independent binding mutant showed an even larger drop of the p53 bound fraction to 6% (Table 2) , corresponding to a loss of about 65% of the total bound fraction. Thus the reductions in the bound fractions for the sequence-independent mutant (65%) and the site-specific mutant (40%) total $100%, raising the possibility that these two domains of p53 are responsible for most of its DNA binding. This hypothesis however was not confirmed by single molecule tracking of a double mutant p53-R273H/d30, which showed a residual bound fraction of 6% (Table 2) , identical to what we measured for the C-terminal domain mutant p53-d30. Similarly, the distribution of displacements observed for p53-d30 alone and the p53-d30/R273H (Figure 4c and d, respectively) were nearly identical. Therefore, the double mutant retains some ability to transiently interact with DNA, probably through other p53 domains. Further, our data show that the DNA binding mediated by the site-specific and sequence-independent domains is not independent, as the p53-d30 mutation by itself was capable of disrupting the same amount of binding as when the combination p53-R273H/d30 was used. Together these data suggest a binding pathway, with p53 sequence-independent binding required for p53 site-specific binding.
DISCUSSION
Cross validation of live-cell binding measurements
We have demonstrated how to achieve consensus among three different approaches to measure live cell binding of p53 to chromatin. This provides confidence that our current estimates are reasonably accurate, and it also provides guidance for the future on how to make these measurements accurately for other molecules bound to either chromatin or other cellular scaffolds such as the cytoskeleton and cellular membranes (4, 39) . Specifically, we found excellent agreement among SMT, FRAP and FCS estimates for bound fractions which were within error, and very good agreement for residence time estimates which differed by a factor of two when small spot sizes were used in FRAP (Figure 3c ). We also showed that the small error in residence time estimates is likely due to ignoring hindered p53 diffusion in the FRAP and FCS kinetic models.
We believe that of the three estimates, the SMT estimate is the most reliable since it is both direct and robust to the methods used to analyze the SMT data (Table 1) . Further, by SMT we were able to quantify behaviors that were not directly visible by ensemble average techniques like FRAP and FCS. For example, by SMT we found that chromatinbound p53 exhibited slow diffusion and that free p53 exhibited hindered diffusion, probably due to chromatin obstructions.
We used the SMT data to deduce that a minimal FRAP or FCS kinetic model should include one binding state and diffusion. Previous FRAP studies of p53 had used several less direct tests to infer that diffusion should be incorporated into the kinetic model (6, 12) . Our analysis now indicates that these tests for diffusion are accurate and valuable for determining its role in a kinetic model. Thus our current analysis by FRAP, and these two previous FRAP analyses, have all applied the same reasonably accurate kinetic model yielding similar estimates for p53 residence times and bound fractions (6, 12) .
Despite the achieved consensus, the SMT data showed that a model with one binding state and diffusion is flawed for the case of p53 since it does not account for either the hindered diffusion of unbound molecules or the slow diffusion of bound molecules. Nevertheless, we found that if the basic framework of the kinetic model was accurate (one binding state and diffusion for p53), then these other errors in the kinetic model led to relatively small errors in the estimates of p53 residence times by FRAP and FCS.
We also found that with a reasonably accurate kinetic model, the FRAP and FCS estimates by themselves showed reasonable agreement, whereas with incorrect kinetic models the FRAP and FCS estimates were radically different. This might suggest that direct comparison of FRAP and FCS without performing SMT might be sufficient to obtain reliable estimates, however we think this is risky for several reasons. First it is possible that the wrong Comparison of wild-type and mutant p53 displacement histograms. The histogram of displacements for p53-wt obtained at a frame rate of 50 Hz (a) was compared to the one obtained for a mutant (p53-R273H) known to suppress binding to specific sites (b), a mutant (p53-d30) known to suppress binding to non-specific DNA sequences (c) and a double mutant p53-R273H/d30 (d). All mutants resulted in a drop of the peak at short displacements corresponding to bound molecules. Interestingly, the histograms for the p53 double mutant and p53-d30 were very similar, indicating that p53-d30 not only affected the sequence-independent interactions but also suppressed binding to specific sites. Fitting of the histograms with a model accounting for two free populations exchanging with one bound population resulted in the estimates of the bound fractions and residence times reported in Table 2 . 4.4 ± 0.6 0.81 ± 0.12 0.67 ± 0.02 0.48 ± 0.04 6.5 ± 0.8
We compared the histograms of displacements obtained at a frame rate of 50 Hz for p53-wt, for a mutated form of p53 unable to bind to specific sequences (p53-R273H), for a truncated form of p53 mutant with impaired sequence-independent interactions with DNA (p53-d30) and for a construct with both mutations (p53-R273H/d30). The histograms of displacements were fit with a model accounting for two free diffusing components exchanging with a chromatin bound component. D 1 and D 2 are the estimated diffusion coefficients associated to the two free components. f 1 is the fraction of molecules diffusing with the first diffusion coefficient. b is the estimated residence time. C eq is the estimated bound fraction (errors: 95% confidence intervals). Note that the diffusion coefficients obtained for all the mutants are smaller than what expected from the size of a Halo-p53 tetramer, 7-10 mm 2 /s, as calculated as described in (8), using a diffusion coefficient for nucler GFP equal to 15 to 20 mm 2 /s. kinetic model could by chance yield consistent results for both and FRAP and FCS, and second errors in FRAP or FCS estimates could be larger for other molecules or other cell types, if these exhibit even more hindered diffusion than p53. Thus we recommend using SMT to obtain direct estimates, and also using it to validate the model used in FRAP or FCS. The risk of using an invalid kinetic model to fit FRAP or FCS data is illustrated by the very significant errors in binding estimates that we found if the number of bound states and diffusing states in the kinetic model was incorrect (Figure 1 ).
The roles of site-specific and sequence-independent binding in p53-DNA interactions
There has been considerable interest in obtaining live-cell binding estimates as these provide insights into the molecular mechanisms of the molecule under study. Here we measured bound fractions and residence times for both wild-type and DNA binding mutants of p53. Below we discuss the implications of each of these measurements for how p53 interacts with chromatin in live cells. We compared bound fractions of wild-type p53 to three different mutants: p53-R273H which is thought to affect specific-site binding, p53-d30, which is thought to affect sequence-independent binding, and a double mutant p53-R273H/d30, which should affect both. We found that all three mutants reduced the bound fractions relative to wild-type, but the double mutant exhibited the same bound fraction as the single mutant p53-d30. Furthermore, the complete histogram of displacements for the double mutant was also very similar to the single mutant p53-d30. These results argue (by analogy with classic epistasis analysis) that p53-R273H and p53-d30 are involved in the same pathway and that the function of p53-R273H is downstream of p53-d30, since there is no further deterioration in binding when the p53-R273H mutation is coupled with p53-d30. Recently, chromatin immunoprecipitation experiments probing several p53 target sites have also suggested that sequence-independent binding is required as a precursor to p53 sequence-specific binding (40, 41) . Our results extend these observations and suggest that a pathway from sequence-independent to sequence-specific binding is a general 'genome-wide' mechanism used by p53 to find its targets. More concretely, our data are consistent with the proposal that the C terminal tail (the region deleted in p53-d30) mediates DNA sliding to locate specific binding sites (38) .
It is important to point out that the double mutant retains $5% bound fraction, suggesting that p53-R273H/d30 is still weakly bound to chromatin. This could arise for example if the R273H mutation does not completely eliminate all specific or sequence-independent binding, a distinct possibility given that there are at least seven other residues in the core domain which make DNA contacts. It is also possible that p53 is bound indirectly to chromatin via interactions with co-activator molecules. Further mutagenesis of p53 will be required to determine which domains are responsible for the residual binding still present in the double mutant.
With the current mutant data we can nevertheless make some first estimates of the fractions of p53 molecules bound at specific sites. We found that 18% of p53-wt molecules were bound and that this was reduced by $7% in the specific-site mutant, implying that $7% of p53 molecules are bound at specific sites. Therefore our current analysis suggests that some of the binding that we measure by SMT is at specific sites, and that this binding is transient. This is consistent with several FRAP studies of transcription factor binding at artificial and natural tandem gene arrays (42) (43) (44) , and with the conclusions of a recent SMT study on the activated form of the mammalian transcription factor STAT1 (11) .
We estimated that the transiently transfected H1299 cells used for our SMT analysis contained 600-4000 p53 molecules (see Supplementary Results). This range is similar to endogenous p53 levels in unstressed cells (45) , suggesting that our measurements were made close to physiological p53 levels. Thus our estimate that 7% of p53 molecules are at specific sites would suggest that prior to stress only $7% Â (600-4000) or $40-300 specific p53 targets would be occupied in any one H1299 cell. Note however that in normal cells that express p53 these numbers could change radically upon stress. Published estimates suggest that after stress there could be $80 000 p53 molecules / cell and up to 3000 p53 binding sites genome wide (45) (46) (47) . If only 7% of these 80 000 molecules were at sequence-specific sites, then 5600 sites could still be occupied which would easily saturate the $3000 p53 targets. This rough calculation also suggests how the large changes in p53 levels measured before and after stress (up to 20-fold) (46) could provide a simple way to switch p53 target-site occupancy within individual cells from sparse to saturated.
Our analysis of residence times in p53-wt and the different mutants showed that each mutant reduced the average residence time relative to wild-type, but the residence times for the mutants in specific-site versus sequence-independent binding were not radically different. It should be noted that the short residence times for the mutants may be subject to some error, since the estimated residence times are close to our data acquisition rate.
Regardless of the precise values for these residence times, our data suggest that the range of residence times we measured for p53 wt (Figure 3a ) reflect a continuum of affinities that includes both sequence-specific and sequence-independent binding, but for the mathematical purposes of a kinetic model can be described reasonably well by a 'single binding state' from which we can obtain an average residence time of about 2s for p53 molecules bound to chromatin.
In principle, it is possible that there is a much more transient form of DNA binding presently hidden in what we measure as p53 diffusion. This combination of fast binding and diffusion is known as effective diffusion (35) , and it produces a slower diffusion constant than expected from the molecule's size. Indeed, our SMT estimates of the p53 diffusion constant were somewhat slower than expected based on p53's molecular weight (Table 2) , but it does not appear that this slowdown is due to very transient DNA binding interactions. If it were, then our estimate of D should have changed in either the specific or sequence-independent mutant. Instead we found similar estimates for D for the two mutants and wild-type, suggesting that the somewhat slower value of D for p53 probably reflects the formation of either a molecular complex or hindered diffusion rather than binding to chromatin. Thus, in contrast to what has been found for the lac repressor in Escherichia coli (2), our current data for p53 suggest a continuum of chromatin residence times, rather than two distinct populations of residence times corresponding to sequence-specific and sequenceindependent binding.
We conclude that SMT with HaloTag fusion proteins provides a relatively straightforward and reliable procedure to measure bound fractions and residence times at cellular scaffolds within live cells. We recommend its application in combination with either FRAP or FCS, which should be applied as a cross validation to ensure accurate estimates of binding with the SMT data used to guide selection of a FRAP or FCS kinetic model. The methods we describe here can now be used to estimate binding residence times for either new investigations of live cell binding or re-investigation of previous analyses. [6, 8, 24, 28, [48] [49] [50] [51] [52] [53] [54] .
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